UNIYERSITY  OfllYYASHXNGTON 


mm 


_  _  v  v  '•  n  »  ■%  •  .  •  •  •  • 

DEPARTMENT  OPJ 


OCEANOGRAPHY. 


Technical  Report  No.  85 

A  MODEL  STUDY  OF  THE  STEADY-STATE  SALINITY 
DISTRIBUTION  IN  PUGET  SOUND 


Harlow  G.  Former  and  M.  Rattray,  Jr. 


National  Scianca  Foundation 
Grant  No.  G15721  and  G197M 
and 

Ofllca  of  Naval  Rataarch 
Contract  Nonr-477(10) 
Frojact  NR  OU  012 


Rafaranca  M42-29 
February  1943 


Ei/Luu  w 
Xkita*  A 


SEATTLE  5,  WASHINGTON 


UNIVERSITY  OF  WASHINGTON 
DEPARTMENT  OF  OCEANOGRAPHY 
Seattle  5,  Washington 


Technical  Report  No.  85 

A  MODEL  STUD!  OF  THE  STEADI-STATE  SALINITY 
DISTRIBUTION  IN  PUGET  SOUND 


by 

Harlow  G.  Farmer  and  M.  Rattray,  Jr. 


National  Science  Foundation, 
Grants  No.  G  15728  and  G  19788 

Office  of  Naval  Research, 
Contract  Nonr-U77(10) 

Project  NR  083  012 

Ref.  M62-29 
September  1962 


rKhAM)  ft.  H&IHq  Cr  — 

Chairman 


Reproduction  in  whole  or  in  part  is  permitted 
for  any  purpose  of  the  United  States  Government. 


ill 


TABLE  OF  CONTENTS 

ABSTRACT . 1 

INTRODUCTION  .  1 

DESCRIPTION  OF  AREA  AND  STATION  SITES  .  2 

THE  PUGET  SOUND  MODEL . 3 

DIMENSIONAL  ANALYSIS  .  U 

EXPERIMENTAL  PROCEDURE . 5 

EXPERIMENTAL  RESULTS  .  6 

DISCUSSION  OF  EXPERIMENTAL  RESULTS  .  8 

CONCLUSIONS . 11 

REFERENCES . . 12 

APPENDIX  -  Microtitration  Procedure . 13 

ACKNOWLEDGMENTS . U* 


V 


LIST  OF  TABIZS 

1.  Model  Operating  Conditione  and  Nondimensional  Quantities  M,  F  and  MF  .  l£ 


2.  Salinity-Depth  Profile  -  Stations  BUSH  POINT . 16 

3.  Salinity-Depth  Profile  -  Station:  CAMANO  HEAD . 17 

U.  Salinity-Depth  Profile  -  Station:  HAZEL  POINT . 19 

5.  SalinitywDepth  Profile  -  Station:  POINT  JEFFERSON . 21 

6.  Salinity-Depth  Profile  -  Station:  POINT  PULL! . 23 

7.  Salinity-Depth  Profile  -  Station:  SPRING  BEACH . 2$ 

8.  Salinity-Depth  Profile  -  Station:  GORDON  POINT . 26 


vil 


LIST  OF  FIGURES 


Page 


1.  Map  of  Puget  Sound . 28 

2.  The  Salinity  and  ^o  -  Versus  the  Quantity  M  ■  £DW 

5^  §o 

(Seven  Stations) . 29 

3.  Salinity  Profiles  for  Point  Pully  and  Point  Jefferson  .  31 

It.  Normalised  Salinity  Profiles  ®b  -  Versus  Z  (Five  Stations)  ...  32 

5.  Bottom  Salinity  Distribution  so  -  Versus  MF  ■  £  33 

S0  T^gTT 


ABSTRACT 


The  steady-state  salinity  distribution  in  Puget  Sound  has  been  obtained, 
using  an  oceanographic  model.  Seven  stations  which  were  located  in  the  several 
main  divisions  of  Puget  Sound  were  selected  and  salinity  profiles  were  obtained, 
at  each,  for  three  conditions  of  fresh  water  runoff  and  for  five  values  of  tidal 
range.  Low  monthly,  annual,  and  high  monthly  mean  values  of  runoff  were  used, 
with  limits  of  the  tidal  range  exceeding  those  generally  observed  in  Puget  Sound. 

The  salinity  at  all  stations  in  Puget  Sound  is  observed  to  be  strongly 
dependent  on  the  characteristics  of  the  tidal  flow  in  Admiralty  Inlet.  The  shape 
of  the  salinity  profile  at  a  station  is  also  observed  to  be  constant  for  constant 
values  of  a  quantity  representative  of  the  ratio  of  tidal  flow  to  total  runoff. 
Certain  other  features  of  the  circulation  are  deduced. 

The  data  are  reproduced  in  Tables  2  to  8  of  this  report. 


INTRODUCTION 


Puget  Sound  is  the  only  fiord-like  estuary  presently  under  study  by  a 
United  States  oceanographic  institution.  Its  deep  basins,  strong  tides,  numerous 
arms,  and  the  large  and  variable  river  runoff  present  a  complex  of  problems  of 
considerable  oceanographic  interest.  As  an  aid  in  a  long  range  program  of 
research  on  Puget  Sound,  a  small-scale  model  of  the  complete  system  was  constructed 
in  1950  o  The  model  has  proved  most  useful  in  the  interpretation  of  field 
observations  and  in  studies  of  the  mechanism  of  circulation  under  controlled 
conditions.  The  construction,  instrumentation  and  verification  of  the  model  has 
been  reported  by  Barnes  and  Lincoln  (1952),  Barnes  et  al.  (1954)  and  Rattray  and 
Lincoln  (1955) . 

The  variable  conditions  of  runoff  and  tide  maintain  Puget  Sound  in  a 
continually  changing  state.  The  problems  in  seeking  an  understanding  of  the 
processes  in  such  a  large  system  from  field  or  model  observations  are  difficult. 
It  is  desirable  therefore  to  first  make  a  model  study  of  the  steady-state  salinity 
distribution  and  circulation  in  the  system.  Subsequently,  the  more  natural 
conditions  of  variable  runoff  and  tide  may  be  introduced  into  the  model  and  the 
significance  of  the  departures  from  the  steady  state  may  then  be  examined. 

This  report  deals  with  the  steady-state  salinity  distribution.  Quantita¬ 
tive  estimates  of  the  several  processes  present  which  control  the  general 
circulation  cannot  be  made  from  this  information  only.  However,  the  salinity 
distribution  will  indicate  the  relative  response  of  the  different  sections  of  the 
system  to  changes  in  tide  and  runoff  and  demonstrate  the  importance  and  influence 
of  the  major  topographic  features.  This  information  is  required  for  subsequent 
studies  on  the  mechanisms  of  the  circulation  and  will  be  helpful  in  better  defining 
specific  problems.  * 
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DESCRIPTION  OF  AREA.  AND  STATION  SITES 


Puget  Sound  (Figure  1)  may  be  divided  into  five  clearly  defined  sections. 
Admiralty  Inlet  averages  UO  fathoms  in  depth  and  forms  the  primary  juncture  of 
the  system  with  the  Strait  of  Juan  de  Fuca.  The  main  basin,  in  which  the  depth 
commonly  exceeds  100  fathoms,  extends  from  the  southern  end  of  Admiralty  Inlet, 
south  to  the  Tacoma  Narrows,  a  26-fathom  sill.  The  southern  basin,  which  joins 
with  the  Narrows,  deepens  to  90  fathoms  and  is  composed  of  numerous  large  and  small 
inlets  and  islands ,  The  northern  section  extends  from  Possession  Sound,  north  to 
Deception  Pass,  a  narrow  shallow  passage  with  high  tidal  currents  connecting 
with  the  Strait  of  Juan  de  Fuca,  The  last  main  section  is  the  Hood  Canal  which 
branches  from  the  southern  end  of  Admiralty  Inlet,  It  deepens  to  90  fathoms  in 
its  inner  section  from  a  30-  to  i^O-fathom  entrance  channel. 

The  thirteen  largest  rivers  discharging  into  Puget  Sound  contribute  close 
to  80  percent  of  the  total  fresh-water  inflow.  The  three  rivers  entering  the 
northern  section  alone  contribute  over  60  percent.  In  contrast,  the  four  small 
rivers  entering  Hood  Canal  contribute  only  about  6  percent.  The  rivers  peak  and 
flood  at  different  times  of  the  year  depending  on  their  source.  For  example,  the 
Nisqually  River  which  enters  the  southern  basin  is  fed  by  glacier  and  snow  melt. 

It  peaks  in  late  spring  and  early  summer.  The  rivers  entering  the  northern 
section  peak  and  flood  during  the  rainy  winter  season, 

Puget  Sound  tides  are  of  the  mixed  type  with  ranges  which  progressively 
increase  from  Admiralty  Inlet  to  the  inner  regions  of  Puget  Sound.  Port  Tcwnsend 
has  a  mean  diurnal  tide  of  8  feet,  Seattle,  11  feet  and  Olympia, U*  feet. 

Seven  stations  were  selected  at  which  salinity  profiles  were  taken.  These 
are  listed  below  and  are  indicated  in  Figure  1*  The  approximate  depth  and  shore- 
to~8hore  width  of  the  channel  in  the  immediate  vicinity  of  the  station  are  given. 

(1)  Bush  Point—  in  the  central  part  of  Admiralty  Inlet.  The  tidal 
currents  here  are  In  the  order  of  3  to  U  knots  and,  with  the  very  irregular  bottom 
topography,  strong, turbulent  mixing  occurs.  In  the  model  no  rivers  discharge 
directly  into  Admiralty  Inlet.  Except  for  the  relatively  small  flow  through 
Deception  Pass,  all  fresh  water  entering  the  system  must  flow  past  Bush  Point 
before  eventual  dispersion  in  the  Strait  of  Juan  de  Fuca.  The  depth  is  60  fathoms 
and  width  2.5  nautical  miles. 

(2)  Camano  Head--  between  Whidbey  Island  and  the  southern  end  of  Camano 
Island  in  the  north  section.  The  depth  is  95  fathoms  and  width  l%li  nautical  miles. 

(3)  Point  Jefferson —  near  the  north  end  of  the  main  basin.  The  depth  is 
150  fathoms  and  width  3-5  nautical  miles, 

(U)  Point  Fully —  in  East  Passage,  east  of  Vashon  Island  in  the  southern 
end  of  the  main  basin.  In  East  Passage  there  are  both  ebb  and  flood  currents  with 
a  net  clockwise  circulation  around  Vashon  Island.  The  depth  is  110  fathoms  and 
width  is  2,3  nautical  miles. 

(5)  Spring  Beach--  near  the  south  end  of  Colvos  Passage,  west  of  Vashon 
Island.  During  flood  tide  the  currents  in  Colvos  Passage  are  weak  and  variable. 
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The  ebb  current  is  strong  and  ie  dominated  by  the  ebb  flow  from  the  Narrows*  The 
depth  is  50  fathoms  and  width  1*0  nautical  mile* 

(6)  Gordon  Point —  southeast  of  McNeil  Island  in  the  southern  basin*  The 
depth  is  85  fatfioms  and  width  is  about  2.2  nautical  miles* 

(7)  Hazel  Point —  in  the  Hood  Canal  at  the  south  end  of  Toandos  Peninsula* 
The  depth  is  50  fathoms  and  width  1*0  nautical  miles*  Extending  north  to  Admiralty 
Inlet  the  channel  depth  varies  between  25  and  50  fathoms  and,  for  a  distance  of 

5  miles,  the  average  sill  depth  is  approximately  30  fathoms*  To  the  south  it 
gradually  deepens  to  90  fathoms  and  remains  between  80  and  90  fathoms  for  most  of 
its  length* 


THE  PUGET  SOUND  MODEL 


A  description  of  the  model  and  its  operating  characteristics  have  already 
been  reported  and  only  a  brief  summary  will  be  presented  here.  The  model  was 
constructed  according  to  Froude  scaling  laws  with  a  horizontal  length  scale  of 
lsii0,000  and  a  vertical  distortion  of  3U.6$1.  These  scale  ratios  permit  the 
Reynolds  number  in  the  model  to  be  sufficiently  high  that  turbulence  exists  in 
nearly  all  regions  of  the  model*  Only  in  the  upper  reaches  of  the  small  bays  and 
inlets  does  the  water  appear  to  be  nonturbulent  and  the  flow  in  these  areas  is 
unimportant  to  the  main  circulation*  The  Reynolds  numbers  at  Bush  Point  and  Point 
Jefferson  in  the  prototype  are  10®*  In  the  model  the  Reynolds  numbers  are 
approximately  2,600  and  800  respectively*  The  topography  of  Puget  Sound  consists 
of  shallow  sills  and  deep  basins,  narrow  and  broad  channels,  islands  and  a 
generally  rough  boundary*  These  features  coupled  with  the  tidal  currents^  produce 
large  and  small  eddies  which  are  readily  demonstrated  in  the  model  through  the 
dispersal  of  small  drops  of  miscible  dye.  “ 

A  criterion  for  turbulence  in  a  fluid  with  density  gradient  is  the 
Richardson  number*  With  Froude  scales  for  velocity  and  length,  the  salinity 
(density)  scale  must  be  unity  for  equal  values  of  this  number  in  model  and  proto¬ 
type*  A  reduction  in  the  salinity  scale  reduces  the  Richardson  number  and 
turbulence  would  be  expected  to  increase.  From  the  results  of  previous  experiments 
it  was  found  that  the  salinity  structure  throughout  the  model  differed  little 
with  moderate  changes  in  the  salinity  scale.  A  salinity  scale  of  1$2  has  been 
used  in  the  experiments  reported  herein* 

The  tide  generator  is  controlled«from  a  six-component  tide  computer.  Tides 
from  any  one  constituent  or  combination  of  constituents  may  be  generated  in  the 
model*  The  river  discharges  are  gauged  with  small  precision  flow  meters.  At 
each  river  outlet,  turbulence  is  introduced  by  a  small  spinning  shaft  to  provide 
the  initial  mixing  of  the  fresh  and  salt  water.  The  ocean  salinity  is  monitored 
by  continuous  conductivity  measurements  and  controlled  automatically  by 
introducing  concentrated  salt  solution  as  needed. 
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DIMENSIONAL  ANALYSIS 


Theoretical  solutions  to  the  equations  of  motion  that  are  applicable  to 
estuarine  flow  are  very  limited  in  number*  Those  that  have  been  obtained  either 
have  limited  application,  due  to  the  idealized  conditions  assumed,  or,  through 
consideration  of  the  mean  motion,  do  not  explicitly  include  the  tidal  height  and 
period  which  are  fundamental  variables  in  the  model  study. 

The  salinity, S, in  geometrically  similar  systems  is  assumed  to  be  a  function 
of  a  reference  salinity, So,  the  total  river  discharged,  entering  the  system,  the 
tidal  height,  the  tidal  period, T,  the  channel  depth, D,  and  width, W,  the 
horizontal  length  of  the  system, L,  the  location  of  the  observation  given  by  the 
coordinates,!,  T,  Z,  the  kinematic  viscosity,  v  ,  the  density,  p,  and  the  acceleration 
due  to  gravity,  g.  The  velocity  of  flow  has  not  been  included  for  it  is  primarily 
due  to  the  tides  and  is  a  function  of  the  tidal  height  and  period  and  the  geometry 
of  the  estuary.  The  following  functional  equation  may  be  stated* 

S  -  f  [Sq,  R,  £,  T,  D,  W,  L,  X,  I,  Z,  v  ,  p,  g  ] 

From  the  Buckingham  Pi  Theorem  the  equation  can  be  rewritten  as: 


S  *  f 


X,  I,  Z,  X,  w,  L,  ZM,  _ R*  Re,  Ri 

D  T)  D  D  D  D  TR  gD^W* 
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where  the  Reynolds  and  Richardson  numbers  are  respectively.  Re  m  £D,  Ri  »gDT  S  Jp  • 

VT  * 

The  highly  irregular  topography  of  Puget  Sound  would  actually  require  for 
description  the  use  of  many  more  characteristic  lengths  and  their  corresponding 
dimensionless  ratios*  However,  as  long  as  the  modelling  is  restricted  to  geo¬ 
metrically  similar  systems,  these  ratios  will  remain  constant  and  they  need  not 
be  included  in  the  above  expression  for  S*  Previous  experiments  have  shown  that 
within  the  ranges  of  Reynolds  and  Richardson  numbers  used  in  this  study,  thee  r atios  have 
no  direct  effects  on  the  salinity  distribution.  The  following  two  quantities  are 
designated  by  the  letters  M  and  F, where  M  is  representative  of  the  ratio  of  tidal 
flow  to  river  discharge, and  F  is  a  Froude  number  characterizing  the  net  flows. 


M  «£EW 
TR 


F  -  R 


At  a  particular  station,  the 
following  forms 


salinity  dependence  may  be  stated  in  the 


S  -  f 

ST 


z,  X,  M, 
5  D 


F 
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As  D  and  W  are  unspecified  depth  and  width  measurements, they  will  be  chosen  so 
that  they  have  a  value  of  unity  for  the  model  experiments . 


EXPERIMENTAL  PROCEDURE 


The  three  parameters  which  are#varied  in  the  model  experiments  are  the 
river  discharge  ,R,  the  tidal  height  ,  £,and  the  tidal  period  ,T* 

Three  states  of  river  discharge  were  selected 2  1)  the  annual  mean, 

2)  the  high  monthly  mean  and  3)  the  low  monthly  mean*  These  data  were  obtained 
from  the  water  supply  papers  of  the  Uo  So  Geological  Survey*  The  gauged  flow  of 
the  rivers  has  been  increased  by  25  percent  to  account  for  the  ungauged  small 
rivers  and  streams  and  direct  precipitation.  For  the  total  river  discharge  the 
ratios  of  the  high  monthly  and  low  monthly  mean  to  the  annual  mean  are  1*69  and 
0*37  respectively.  It  should  be  noted  that  these  ratios  for  the  individual  rivers 
will  deviate  slightly  from  the  above  average  values  since  the  seasonal  cycles 
of  the  various  river  discharges  differ* 

The  model  was  operated  with  the  single  M2  constituent  tide  to  facilitate 
defining  the  tidal  period  and  the  tidal  height*  The  range  of  tidal  amplitudes  at 
Seattle  varied  between  1*22  meters  and  6*30  meters. 

The  vertical  salinity  profile  at  each  station  was  determined  by  titration 
of  small  water  samples  obtained  at  discrete  depths*  At  the  deeper  stations  six 
depths  were  selected,  the  surface,  10,  25 ,  50,  75  and  150  meters*  At  the  shallower 
stations  the  surface,  25  and  100  meter  depths  were  initially  selected  and  later  on 
in  the  course  of  the  experiments  the  ten  meter  depth  was  included*  A  larger 
number  of  depths  would  have  given  a  better  approximation  to  the  salinity  profile, 
however,  at  this  stage  of  the  investigation,  it  was  felt  unjustified  to  spend  the 
time  required  for  additional  titration.  Details  of  the  micro titration  and  sampling 
are  given  in  the  Appendix*  In  summary, 2-ml  samples  were  withdrawn  at  each  depth 
over  one  tidal  cycle*  One  ml  was  used  for  rinsing  and  one  ml  was  titrated  using 
silver  nitrate  solution  and  a  fluorescein  indicator*  Using  solutions  with 
salinities  determined  by  standard  analytical  procedures,  tests  indicated  that  the 
microtitration  procedure  gave  salinities  with  a  standard  deviation  of  0.0U  °/oo . 

Temperature  was  determined  at  three  or  four  depths  using  a  bead  type 
thermistor  *  The  model  was  operated  for  a  minimum  of  one  day  and  frequently  two 
to  three  days  prior  to  sampling  to  insure  that  a  steady-state  salinity  distribution 
had  been  obtained*  A  run  included  two  sets  of  samples  at  each  station  with 
approximately  four  hours  lapsing  between  them* 

It  was  evident  from  the  temperature  measurements  at  each  station  that 
vertical  and  horizontal  tenperature  gradients  existed  in  the  model  and  that 
this  temperature  field  varied  with  the  different  rune*  The  maximum  temperature 
difference  between  surface  and  bottom  was  approximately  1°C  and  maximum  horizontal 
differences  ranged  up  to  2°  to  3°C.  In  several  of  the  runs  the  temperature 
gradients  were  small,  the  maximum  differences  not  exceeding  0*l°Co  In  the  analysis 
of  the  salinity  distributions,  inconsistencies  in  the  data  could  be  correlated  to 
the  temperature  field  and  its  changes*  When  in  selected  cases  the  temperature 
effect  was  removed,  these  inconsistencies  were  effectively  removed.  It  was  decided. 
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therefore,  to  correct  all  the  data  and  refer  it  to  a  single  value  of  temperature. 

The  water  density #was  computed  from  the  measured  salinity  and  temperature 
and  the  equation:  p  *  p*  +  aS  «*  J3T.  This  equation  is  suitable  for  a  wide  range 
of  salinities  if  the  temperature  range  is  limited  to  about  5°C,  as  in  the  case 
of  these  experiments.  The  constants  a  and  p  have  been  determined  using  values  of 
p,  S,  T  for  sea  water. 


0 

a 

P1 


-0. 000268  gms 

26c 

cm 

0.000760  Kgm 

3 

cnr 

1.00365  gms 
cm^ 


The  applicable  range  is  21°C  to  26°C  and  salinity  is  entered  in  parts  per  thousand, 
i„e.  grains  salt  per  kilogram  solution. 


With  the  calculated  value  of  density  and  a  reference  temperature  of  23°C, 
corrected  salinities  were  calculated.  The  data  in  the  Appendix  are  given  in  the 
two  ratios  so  -  and  ^b  -  sz.  S0  is  the  ocean  or  source  salinity  and  was,  on 


•  Sr 


So  0  •  uo 

the  average,  l6.50  /oo.  Sz  is  the  salinity  at  depth  z  and  is  the  salinity 
at  the  bottom  depth  zfe.  The  standard  deviation,^,  of  a  ratio  such  as  9 

o  /  S° 

due  to  the  known  standard  deviation  of  the  salinity  titrations,  O.Ou  /oo,  and  an 
estimated  standard  deviation  of  the  temperature  measurements,  0.07°C,  is  cr * 

+  0.00U. 
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EXPERIMENTAL  RESULTS 


Table  1  lists  the  tidal  height,  river  discharge  and  the  quantities  M  and 
F  for  each  run.  The  normalized  ratios  so  -  sb  and  ^b  -  Sz  are  used  to  describe 

So  ^0 

the  horizontal  and  vertical  distributions  of  salinity  as  functions  of  the 
variables  £  ,  T  and  R.  S^  was  selected  rather  than  surface  S  as  it  was  anticipated 
that  Sb  would  be  easier  to  measure  and  would  be  less  subject  to  the  location  of 
the  rivers  than  the  surface  salinity.  For  the  vertical  distribution  of  salinity, 
only  the  shape  of  the  distribution  is  emphasized  by  the  ratio  ^b  -  $z.  The  sum 

So 

of  these  two  ratios  gives  the  sal^.iity  at  any  depth  in  reference  to  that  of  the 
ocean. 


The  values  of  ^o  -  ^b  at  each  station,  when  plotted  against,  M  formed  three 
^0 

distinct  curves,  one  curve  for  each  state  of  the  river  discharge,  R,  or  the  Froude 
number  F.  In  contrast,  the  bottom-surface  salinity  difference,  and  in 

0  e  S0 

general.  -  °z,  does  not  exhibit  this  parametric  dependence  on  F.  This  has  suggested 
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that  the  salinity  profiles  for  each  station  could  be  presented  in  a  unified  manner 
by  plotting  the  salinity  ratio  -  sz  for  each  of  the  measured  depths  against  the 

S0 

quantity  M.  The  shape  of  the  salinity  profile  and  the  manner  in  which  it  changes 
is  indicated  by  the  position  and  relative  spacing  of  the  constant  depth  curves,  z  • 

*b 

These  curves  for  each  of  the  seven  stations  are  presented  in  Figure  2a-2g.  To 

avoid  a  dense  array  of  data  points,  the  twenty  runs  have  been  divided  into  five 

groups  and  the  mean  value  of  M  and  ^b  -  has  been  plotted.  The  five  groups  of 

jrj  - 

runs  are  as  follows? 

.Group  Run 

1  8,  15,  17 

2  2,  7,  10,  12,  2U 

3  1,  5,  Hi,  19,  21,  22 

h  h,  18,  23# 

5  3,  6,  9 

The  curves  of  so  -  %  for  each  of  the  three  Froude  numbers,  F,  have  been 

s° 

plotted  in  the  same  figure.  The  Froude  numbers,  F^,  F2,  F3,  refer  to  the  three 
states  of  river  discharge,  low,  mean  and  high  respectively.  A  characteristic 
feature  of  these  curves  is  that  ^o  -  generally  has  a  well  defined  maximum  for 

So 

each  value  of  F.  This  will  be  discussed  later  in  terms  of  the  tidal  flow  and 
possible  mixing  mechanisms. 

It  will  be  evident  from  Figure  2  that  some  artistic  license  has  been 
exercised  in  drawing  the  constant  depth  curves.  With  the  exception  of  the 
Camano  Head  Station,  the  surface  curves  have  been  drawn  as  straight  lines.  This 
is  clearly  an  approximation  since  it  is  to  be  expected  that  ^b  -  ^s  will  approach 

‘So 

unity  as  M  approaches  zero.  For  the  larger  values  of  M  the  salinity  differences 
become  small  for  all  depths  and  the  magnitude  of  ^b  -  is  the  same  as  the 

So 

variability  of  the  data,  cr  *  O.OOiu  The  consistency  of  the  data  for  several  of 
the  stations  is  considered  very  good,  while  for  others  the  data  points  are  rather 
widely  scattered.  A  comparison  between  the  salinity  profiles  reconstructed  from 
the  z  curves  and  those  obtained  from  the  original  data  is  shown  in  Figure  3a-3c. 
Zb 

The  shape  of  the  salinity  profiles  is  adequately  reproduced  within  the  limits  of 
the  experimental  observations. 


The  shape  of  the  salinity  profiles  will  change  as  the  tidal  height,  tidal 
period  and  river  discharge  are  varied.  If,  however,  these  variables  are  allowed 
to  change  in  such  a  way  that  the  ratio  M  is  constant,  then,  though  the  salinity 
profile  may  change,  it  will  remain  similar  in  shape.  The  shape  of  the  salinity 
profile  for  several  values  of  M  and  for  five  of  the  seven  stations  is  shown  in 
Figure  1*,  in  which  the  normalized  coordinate  is  used.  The  variability  of 

Sb  - 

this  ratio  is  appreciably  greater  than  the  c  *  +  0.001*,  as  the  denominator  here 
is  a  salinity  difference.  The  magnitude  of  o  increases  as  -  S8  decreases.  In 
Figure  1|  approximate  values  of  o  for  M  equal  to  0.32  and  2.0  are  +  0.01  and 
♦  0.20  respectively.  The  hS°  lines  in  Figure  i*  represent  the  limiting  salinity 
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profile  ae  the  water  column  approaches  homogeneity.  This  condition  is  approached 
for  the  larger  values  of  M.  With  decreasing  M,the  salinity  gradients  increase 
and,  as  is  evident  in  the  figure,  the  relative  shape  of  the  profile  is  dependent 
on  local  effects.  The  reverse  curvature  in  the  curves  for  Point  Pully  indicates 
a  tendency  toward  multiple  stratification.  Referring  to  the  salinity  profiles 
for  Point  Pully  in  Figure  3c,  some  raid-depth  stratification  is  clearly  evident 
near  M  *  0,6,  while  it  is  only  weakly  evident  at  M  ■  1,0,  In  the  latter  case  the 
variability  of  the  data  could  obscure  this  stratification,  whereas  near  M  ■  0,6 
it  would  not. 

Figure  5  shows  the  bottom  salinity  ratio  S0  -  for  all  stations  grouped 


according  to  Froude  number,Fi,  F2,  and  F3.  The  ordinate  in  the  figures  is  the 
product ,MF, which  depends  only  on  the  variables, tidal  height  and  tidal  period, 

•  These  figures  clearly  show  the  general  decrease  in  bottom  salinity  with 

increasing  distance  from  the  ocean  source.  The  relative  decrease  between  the  var¬ 
ious  stations  more  strongly  reflects  the  intervening  topography  and  local 
effects  than  the  distance  between  the  stations.  For  the  low  tidal  velocities, 

MF  »  0.2,  the  bottom  salinity,  S^,,  is  observed  to  decrease  slightly  and  then  to 
increase  as  the  river  discharge  is  increased.  These  changes  are  not  large  and 
fa^l  nearly  within  the  variability  of  the  data.  At  higher  tidal  velocities  the 
bottom  salinity  decreases  consistently  with  increasing  river  discharge,  A 
result  of  using  the  ordinate  MF  is  that  the  maximum  value  of  the  bottom  salinity 
rat^o  occurs  at  approximately  MF  ■  0,5  for  all  river  discharges  and  all 
stations  with  the  exception  of  Hazel  Point,  The  maximum  Sp  -  %  for  Hazel  Point 
occurs  at  MF  *  0,7*  S0 


DISCUSSION  OF  EXPERIMENTAL  RESULTS 


There  are  two  features  of  particular  interest  indicated  in  the  data.  The 
first  is  the  observed  change  in  bottom  salinity  with  tidal  velocity.  For  a 
constant  state  of  river  discharge  and  with  increasing  tidal  velocity,  the  bottom 
salinity  initially  decreases,  passes  through  a  minimum  value  and  then  increases. 
Figure  2  shows  that  the  whole  water  column  changes  in  salinity  in  the  same  sense 
as  the  bottom  salinity,  anct,  with  increasing  tidal  velocity,, the  salinity  changes 
less  with  depth.  Figure  5  shows  further  that  this  minimum  bottom  salinity 
occurs  at  approximately  the  same  value  of  tidal  velocity  for  all  stations, with 
the  exception  of  that  at  Hazel  Point  which  is  located  near  the  north  end  of  the 
Hood  Canal,  The  second  feature  of  interest  in  the  results  is  the  similarity  of 
•the  salinity  profiles  for  constant  values  of  M,  the  ratio  of  tidal  flow  to  river 
discharge.  These  results  will  be  discussed  briefly  in  reference  to  theoretical 
models  of  estuarine  circulation  and  to  specific  features  of  the  tidal  flow  in 
Puget  Sound. 

The  type  of  circulation  may  be  directly  inferred  from  the  salinity 
distribution  in  two, clearly  defined  and  seldom  observed  situations.  When  the 
water  column  is  completely  mixed  in  the  vertical  direction  and  only  a  horizontal 
salinity  gradient  exists,  the  horizontal  transport  of  salt  by  advection  must  be 
balanced  by  horizontal  diffusion.  The  other  case  is  that  of  completely 
stratified  flow  when  fresh  water  overlies  the  saline  ocean  water.  Most  cases  of 
interest  will  lie  between  these  limits,  and  knowledge  of  only  the  salinity 
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distribution  will  be  insufficient  to  define  clearly  the  circulation.  Miscible 
dye  solutions  may  be  used  in  the  model  to  demonstrate  major  features  of  the 
circulation.  During  these  experiments  the  dye  solutions  were  used  sparingly, 
since  frequent  use  quickly  contaminated  and  dirtied  the  model.  These  experiments 
and  those  performed  previously  have  shown  a  general  movement  upstream  in  the 
deeper,  more  saline  water  and  a  net  downstream  flow  in  the  upper  layers. 

Particular  current  systems  such  as  the  net  circulation  around  Vashon  Island  have 
been  clearly  demonstrated. 

The  flux  of  salt  by  vertical  and  horizontal  advection  and  vertical  and 
horizontal  diffusion  have  been  calculated  by  Pritchard  (1951a)  for  the  James 
River,  a  coastal  plain  estuary,  and* by  McAlister,  et  aU  (1959)  for  Silver  Bay, 
Alaska,  a  fiord  type  estuary.  Pritchard  has  found  that  horizontal  advection 
and  vertical  diffusion  predominate,  vertical  advection  is  of  lesser  importance 
and  horizontal  diffusion  of  little  significance.  McAlister  finds  horizontal 
and  vertical  advection  to  be  predominant,  and  vertical  and  horizontal  diffusion 
both  small  to  insignificant.  From  these  two  analyses  the  main  difference  in 
transport  mechanisms  between  the  coastal  and  fiord  type  estuary  is  in  the 
relative  magnitude  of  vertical  diffusion  and  vertical  advection.  The  bathymetry 
of  Puget  Sound  has  features  similar  to  those  of  a  fiord  but  has  a  salinity 
distribution  more  like  that  of  the  coastal  plain  estuary.  Analyses  similar  to# 
those  of  Pritchard  and  McAlister  have  not  as  yet  been  made  for  Puget  Sound. 

The  main  observed  changes  in  salinity  of  this  system  can  be  explained,  however, 
through  a  consideration  of  the  tidal  flow  in  Admiralty  Inlet,  Hood  Canal  and 
the  Tacoma  Narrows. 

Admiralty  Inlet  is  a  relatively  shallow  channel,  connecting  deeper  basins. 
The  salt  transport  by  the  tidal  flow  through  this  channel  will  be  significantly 
influenced  by  the  tidal  range.  The  length  of  Admiralty  Inlet,  extending  from 
Double  Bluff,  just  south  of  the  Hood  Carnal  entrance  to  the  Strait  of  Juan  de  Fuca, 
is  18  miles 0  At  the  entrance  to  Admiralty  Inlet  there  is  a  small  sill  extending 
for  two  miles  with  1*0  meters  depth  of  water  over  it.  Along  the  remaining 
16  miles,  the  depth  averages  80  meters,  and  south  of  Double  Bluff,  the  depth 
increases  to  200  meters  in  a  distance  of  1*  miles.  For  a  tidal  range  of 
3.5  meters  at  Seattle,  the  tidal  excursion  in  Admiralty  Inlet  is  1?  miles,  the 
approximate  length  of  the  sill.  When  tides  exceed  this  mean  tidal  condition, 
the  more  saline  water  from  the  Strait  of  Juan  de  Fuca  will  pass  completely 
through  Admiralty  Inlet  and  enter  the  main  basin  of  Puget  Sound  in  one  flood 
tide.  For  lower  tidal  ranges,  the  waters  from  the  Strait  will  require  more  than 
one  tidal  cycle  to  reach  the  inner  basin  and  during  the  intervening  ebb  and 
flood  flows  it  will  experience  more  mixing  and  dilution  with  the  fresher  surface 
water. 


This  tidal  flow  over  the  entrance  sill  acts  as  a  control  on  the  salinity 
of  the  water  available  to  the  interior  basins.  With  low  tidal  ranges,  it  is 
predominantly  the  tidal  velocity  which  provides  the  turbulent  mixing  processes 
over  the  sill  that  controls  the  salinity  of  the  entering  water.  When  the  tidal 
excursion  exceeds  the  length  of  the  sill,  the  salinity  of  the  entering  water 
depends  more  on  the  tidal  height  than  the  tidal  velocity. 

A  similar  situation  appears  to  exist  -*n  the  northern  secti<yi  of  Hood  Canal. 
From  Hazel  Point  at  the  south  end  to  Tala  Point,  at  its  juncture  with  Admiralty 
Inlet,  this  section  is  17  miles  long.  In  the  central  five  miles  there  is  a 
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fairly  well  defined  sill  over  which  the  depth  of  water  is  approximately  55  meters. 

To  the  north  and  south  the  depth  increases  gradually  at  first  and  then  more 
rapidly  to  about  100  meters,  and  south  of  Hazel  Point,  the  depth  increases  to 
180  meters.  For  the  3.5  meter  tide  at  Seattle  the  tidal  excursion  over  this  central 
sill  is  approximately  h  miles.  With  this  tidal  range  the  more  saline  bottom 
waters  from  Admiralty  Inlet  will  require  more  than  one  tidal  cycle  to  pass  over  the 
sill  to  the  inner  basin.  A  30  percent  increase  in  the  tidal  range  will  increase 
the  tidal  excursion  to  the  approximate  length  of  the  sill.  This  increase  in  tidal 
range  would  appear  to  explain  why  the  observed  bottom  salinity  at  Hazel  Point 
reaches  its  minimum  (Fig.  5)  at  a  value  of  MF,  about  30  percent  greater  than  that 
for  all  the  other  stations. 

The  bottom  salinity  at  Gordon  Point  which  lies  south  of  the#Tacoma  Narrows 
in  Southern  Puget  Sound  follows,  essentially,  the  salinity  of  the  main  basin  to 
the  north.  As  only  a  tide  of  about  0.7  meters  at  Seattle  is  required  for  the 
tidal  excursion  and  sill  length  to  be  equal  in  the  Narrows,  in  all  the  experimental 
observations  the  waters  in  the  main  basin  pass  completely  through  the  Narrows  in 
each  tidal  cycle. 

In  the  range  of  M  *  0.5  to  0,7  the  salinity  profile  at  Point  Pully  indicates 
a  tendency  towards  stratification  with  an  upper  layer  of  50  to  75  meters  depth. 

This  development  of  two  layers  is  attributed  to  the  influence  of  the  el*  flow  from 
Colvos  Passage  and  the  net  circulation  around  Vashon  Island.  With  these  conditions, 
the  ebb  flow  from  Colvos  Passage  is  less  saline  than  water  at  the  same  depth  in 
the  main  basin.  On  the  following  flood  tide,  part  of  the  water  in  the  upper  layer 
of  the  main  basin,  freshened  by  mixing  with  the  water  from  Colvos  Passage,  returns 
to  the  south  through  East  Passage.  For  M  less  than  0.5  and  greater  than  0.7  the 
salinity  of  the  ebb  flow  from  Colvos  Passage,  as  indicated  by  that  at  Spring 
Beach,  more  nearly  approximates  the  salinity  in  the  main  basin  and  a  less  notice¬ 
able  effect  results  from  the*mixing  of  the  waters. 

It  is  also  apparent  from  Figure  U  that  for  the  higher  values  of  M,  the 
salinity  at  Point  Pully  tends  to  be  nearly  constant  over  the  depth  for  a  greater 
range  of  the  parameter  M  than  does  the  salinity  at  any  of  the  other  stations. 

This  results,  during  the  higher  tidal  ranges,  from  the  waters  of  East  Passage,  the 
Puyallup  River  and  the  southern  basin  being  thoroughly  mixed  by  the  strong  tidal 
currents  in  the  Narrows  and  Colvos  Passage.  The  runoff  of  the  Duwamish  and  Cedar 
Rivers  which  enter  north  of  Alki  Point  flow  predominantly  to  the  north  and  have 
little  influence  on  the  salinity  in  East  Passage, 

The  greatest  range  in  shape  of  the  salinity  profile  is  found  at  Point 
Jefferson,  This  results  from  the  influence  of  the  fresh  water  from  the  three 
large  rivers  to  the  north  which,  in  passing  around  the  southern  end  of  Whidbey 
Island,  penetrate  progressively  further  to  the  south  into  the  main  basin  as  the 
runoff  increases.  In  the  vicinity  of  the  Camano  Head  Station,  the  water  is 
strongly  stratified  in  a  shallow  surface  layer,  but  after  it  has  passed  into  the 
north  end  of  the  main  basin  the  turbulence  from  the  stronger  tidal  currents 
rapidly  mixes  the  water  and  establishes  weaker  salinity  gradients. 

* 

The  model  results  show  that  the  relative  shapes  of  the  salinity  profiles 
are  constant  for  a  constant  value  of  the  parameter  M.  The  several  profiles, 
shown  in  Figure  h  for  each  of  the  stations,  with  the  exception  of  Point  Pully, 
exhibit  some  similarity  to  each  other,  suggesting  the  existence  of  a  similarity 
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coordinate  for  the  salinity,  as  was  obtained  theoretically  by  Rattray  and  Hansen 

(1962). 


The  differences  and  changes  in  the  salinity  structure  in  the  several 
regions  of  Puget  Sound  are  however  more  clearly  evident  in  Figure  2.  The 
constant  depth  lines  for  the  Bush  Point,  Hazel  Point,  Gordon  Point,  and  Spring 
Beach  stations  are  either  straight  or  only  slightly  curved  lines,  and  would 
indicate  similar  type  salinity  profiles •  In  contrast,  the  constant  depth  lines 
for  Point  Jefferson  and  Pully  Point  which  lie  in  the  main  basin  and  Camano  Head, 
immediately  adjoining  it,  are  far  more  complex*  The  minimums  in  the  constant 
depth  curves  for  the  intermediate  layers  of  the  main  basin  reflect  some  influence 
of  the  deep  water,  but  at  Camano  Head  this  effect  is  less  pronounced. 


CONCLUSIONS 


(a)  The  steady^*  state  salinity  distribution  was  obtained  for  a  semi¬ 
diurnal  tide  ranging  from  2&Uk  meters  to  6*30  meters  at  Seattle,  and  for  the 
low  monthly  mean,  annual  mean,  and  high  monthly  mean  river  discharges. 

(b)  The  shape  of  the  salinity  profile  at  a  particular  station  remained 
constant  for  a  constant  value  of  M,  the  ratio  of  tidal  flow  to  total  river 
discharge,  but  differed  with  the  location  of  the  station. 

(c)  The  bottom  salinity  of  the  profile  at  each  station  effectively 
indicates  the  trend  of  the  salinity  of  the  water  column  in  response  to  changing 
tidal  and  runoff  conditions  and  demonstrates  the  transport  of  fresh  water  to 
all  depths. 

(d)  The  mean  salinity  of  all  stations  is  strongly  influenced  by 
changes  in  tidal  height  and  velocity  in  Admiralty  Inlet*  The  station  in  Hood 
Canal  is  further  influenced  by  the  tidal  height  and  velocity  over  the  sill-like 
structure  in  its  entrance  channel e  The  general  response  at  constant  river 
discharge  is  that  for  less  than  average  tide  conditions,  the  mean  salinity 
decreases  for  increasing  tide,  while  for  greater  than  average  tide  conditions  the 
mean  salinity  increases  with  increasing  tide* 

(e)  The  microtitration  technique  proved  satisfactory  and  with  average 
care  was  accurate  to  +  0o0U  °/oo0 
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APPENDIX 


Microtitration.1  Procedure 


The  water  samples  to  be  withdrawn  from  the  model  for  salinity  determina¬ 
tion  necessarily  had  to  be  small  to  avoid  disturbing  the  salinity  distribution. 

The  15-ml  sanple  required  for  the  standard  Knudsen  titration  procedure  was  far 
too  large  even  without  consideration  of  the  larger  sanple  needed  to  provide  for 
rinsing.  The  following  procedure  was  established,  which  required  only  a  1-ml 
sanple  for  titration.  It  met  the  accuracy  requirement  of  at  least  0.05  °/oo  and 
needed  a  minimum  amount  of  time  and  care. 

The  samplers  permitted  withdrawal  of  water  from  a  total  of  six  preselected 
depths  at  one  time.  Small-diameter  Monel  tubes  were  inserted  to  the  desired 
depths  and  at  the  other  ends,  pierced  rubber  stoppers  were  placed  over  the  tubes 
and  glass  vials  were  attached.  A  £0-to  60-mm  Hg  vacuum  applied  to  the  vials 
withdrew  about  2  ml  of  water  uniformly  over  a  tidal  cycle.  The  six  tubes  and 
rubber  stoppers  were  mounted  on  a  frame  and  the  vacuum  connections  were  permanently 
made  through  each  stopper.  The  frame  could  be  easily  placed  at  the  various 
stations  and  the  glass  vials^as  needed, were  pressed  on  to  the  rubber  stoppers. 

The  samples  were  taken  from  the  vials  with  a  1-cc  syringe.  Before  filling, 
the  syringe  was  rinsed  three  times.  The  syringe  was  mounted  on  a  frame  and  a 
stop  was  provided  for  the  plunger  so  that  a  constant  volume  sample  was  obtained 
each  time. 

The  samples  are  titrated  with  a  silver  nitrate  solution  and  indicator— 
solution  consisting  of  fluorescein  disodium  salt  and  starch  in  distilled  water. 

The  reaction  is  NaCl  ♦  AgNOj— > AgCl  *f  NaNO^  2.9066  grams  of  AgNO^  are 
required  for  each  gram  of  NaCl.  The  concentration  of  AgNOo  solution  was  generally 
37*11  grains  per  liter  solution.  Six  drops  of  indicator  solution  were  used  in 
each  1-ml  sanple.  The  AgNO^  solution  was  dispensed  from  a  5-cc  syringe  with  a 
hollow  glass  needle  which  was  kept  in  the  stirred  solution.  The  plunger 
displacement  was  measured  by  a  micrometer  movement.  The  plunger  travel,  L,  bet¬ 
ween  the  positions  at  the  beginning  and  at  the  end  point  is  directly  proportional 
to  the  salinity.  This  supposes  constant  temperature  at  all  times,  a  perfectly 
cylindrical  syringe,  etc.  Thus  S  «  KL.  K  is  obtained  through  calibration  by 
titrating  a  standard  solution  of  accurately  known  salinity.  The  micrometer  and 
5-cc  syringe  are  rigidly  mounted  on  a  frame  which  may  be  raised  and  lowered  by 
a  rack  and  pinion.  The  constant,  K,  was  determined  each  day  that  titrations 
were  made.  K  was  observed  to  decrease  slightly  with  aging  of  the  silver  nitrate 
solution.  The  silver  nitrate  solution  was  renewed  approximately  each  month. 

Numerous  sources  of  error  influence  the  accuracy  of  the  salinity  determina¬ 
tion.  These  will  not  be  enumerated  and  with  the  exception  of  the  micrometer 
setting  their  effects  are  included  in  the  coefficient  K.  The  standard  deviation 
of  the  salinities  depends  therefore  on  the  accuracy  of  the  determination  of  K. 

The  standard  deviation  of  S  is  obtained  by  differentiating  the  above  formula  for 
S,  squaring  and  taking  the  mean  value.  The  differentials  of  K  and  L  are  assumed 
uncorrelated  and  approximating  the  mean  square  of  the  differentials  by  the 
variance  cf  2  there  is  obtained 


2 


U» 


♦ 


2 


The  variance  of  K  can  be  similarly  determined  from  the  values  for  S',  L' ,  al,  a4 
obtained  from  the  titration  of  the  standard  solution  where  primed  quantities 
refer  to  the  standard  solution.  Thus 


and  therefore 


(-5H 


a'  2 

<TT> 


with  al 

Is 


a 

L 


The  end  points  have  generally  been  established  within  less  than  0.001  inches  on 
the  micrometer  and  has  been  assumed  to  lie  between  0.0005  and  0.0010  inches. 
A  conservative  estimate  of  is  0.02  °/oo .  For  a  typical  calibration  of  a 
standard  solution 


S'  -  16.03  °/oo 
Lf  »  .1*513  inches 

K  *  35.32  °/oo/inch 


and  for  <*£  «  0.005  inches  and  0.0010  inches, the  standard  deviation  of  salinity, 

tfg,is  calculated  to  be  0.032  °/oo  and  0.05U  °/oo  respectively.  A  value  of 

°S  m  1  °/oo  has  been  taken  as  representative  of  the  error  of  the  titrations. 

Particular  attention  was  taken  in  washing  the  sample  vials  and  sampling 
equipment  and  the  vials  were  tightly  sealed, with  rubber  stoppers  when  containing 
water  samples.  No  attempts  were  made  to  control  the  temperature.  The  syringes 
were  tested  for  constant  displacement  of  fluid  for  equal  displacements  of  the 
plungers  and  the  errors  resulting  were  found  to  be  small  compared  to  the  other 
error  sources.  The  difficulty  in  ascertaining  the  end  point  in  the  small  volume 
of  solution,  approximately  2  cc,  is  believed  to  be  the  main  source  of  error. 
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Table  1.  Model  Operating  Conditions  and  Nondineneional  Quantities  M,  F,  and  MF 


Run  No. 

Tide 

(Meters) 

River  Flow 
(raVsec) 

M  , 
((xlO7) 

F  * 
(xlO-3) 

wm 

1 

3.54 

1580 

1.03 

.50 

.52 

2  • 

3.54 

2820 

-.58 

.90 

.52 

• 

3 

3.54 

600 

2,75 

.19 

•52 

4 

4.75 

1580 

1.39 

.50 

.70 

5 

4.75 

2710 

.81 

.87 

.50 

6 

4.75 

510 

4.28 

.16 

.69 

7 

2.44 

1660 

.68 

.53 

.36 

8 

2.44 

2860 

.39 

.91 

.35 

9 

2.44 

550 

2.04 

.18 

.36 

10 

2.44 

1710 

.66 

.55 

.36 

12 

3.54 

2800 

.58 

.89 

.52 

14 

6.30 

2740 

1.07 

.87 

.93 

15 

1.22 

2700 

.21 

.86 

.18 

17 

1.22 

1630 

.35 

.52 

.18 

18 

6.30 

1550 

1.88 

.50 

.94 

19 

1.22 

600 

.94 

.19 

.18 

21 

3.26 

1580 

.96 

.50 

.48 

22 

5.70 

2630 

1.00  \ 

.85 

.85 

23 

6.30 

1570 

1.86 

.50 

.93 

24 

2.44 

2610 

.43 

.83 

.36 
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Table  2.  Salinity-Depth  Profile  -  Stations  BUS!  POINT 

Salinity  is  in  ratio  ®b  -  Depth  1s  in  meters.  The  salinity  ratio 
Sp  -  Sb  indicated  for  each  run  (bottom  line) . 

So 


^  ^Run 
Deptlt\ 

la 

lb 

2a 

2b 

3a 

3b 

Ua 

l*b 

5a 

5b 

0 

*1  A 

.011 

.038 

- 

.066 

.009 

,006 

.006 

.012 

.01*6 

.052 

10 

25 

.007 

.002 

.000 

.001* 

,000 

.000 

.001* 

.006 

.002 

100 

.000 

.000 

- 

.000 

.000 

,000 

.000 

.000 

.000 

.000 

So  -  Sb 

.029 

.028 

.01*2 

.006 

.008 

.026 

.016 

.025 

.029 

^0 

• 

S'\Run 

6a 

6b 

7a 

7b 

8a 

8b 

9a 

9b 

10a 

10b 

Dept)N^ 

0 

T  A 

.001 

.000 

.116 

.101 

.328 

.319 

.016 

.028 

.095 

.139 

10 

25 

.001 

.002 

.010 

.007 

.016 

.020 

.006 

.003 

.003 

.007 

100 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

<5? 

1  O 
CO 

o 

CO 

.006 

.003 

.029 

.021*’ 

O 

o 

.01*2 

.007 

.007 

.026 

.022 

^^Run 

Depths. 

lisa 

ll*b 

• 

15a 

15b 

17  a 

17b 

• 

18a 

18b 

19a 

19b 

19c 

0 

.015 

.020 

.736 

.71*0 

.1*82 

.516 

.008 

.010 

.21*3 

.231 

.238 

10 

.002 

.002 

.057 

.066 

.01*8 

.058 

.002 

.001 

.023 

.020 

.020 

25 

.001 

.002 

.003 

.009 

.020 

.020 

.001 

.002 

.015 

.011* 

.oil* 

100 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

i 

o 

CO 

.018 

.017 

.020 

.018 

.020 

.018 

.013 

.013 

.016 

•Oil* 

.019 

\Run 

Depwv 

21a 

21b 

22a 

22b 

23a 

23b 

2l*a 

2l*b 

0 

.085 

b 

o 

CD 

.039 

© 

o 

\n 

.011 

.002 

.1*11 

.370 

10 

.010 

.009 

.006 

.005 

.002 

.000 

.021* 

.028 

25 

.006 

.008 

.001* 

.002 

.001 

.001 

.015 

.013 

100 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

I  CO 
o 

.021 

.018 

PA 

CM 

o 

CM 

o 

O 

.008 

.011 

CM 

PA 

O 

o 

CM 

PA 

O 
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Table  3.  Salinity-Depth  Profile  -  Stations  CAMANO  HEAD 

Salinity  is  in  ratio  £b-fz.  Depth  is  in  meters.  The  salinity  ratio 
Sp  -  Sb  la  indicated  for  each  run  (bottom  line). 


0  .72  .63  .9U  .96  .88  .87  .1*7  .1*6  .59  .58  .56 

10  .060  .035  .17  .21*  .16  .11*  .005  .035  .  090  .066  .068 

25  .005  .008  .  002  .010  .012  .012  .  002  .008  .025  .011  .013 

50  .  001*  .003  .  000  .005  .  011  .008  .  002  .006  .  018  .002  .  007 

75  .002  .002  .002  .001*  .006  .002  .000  .000  .018  .000  .007 

150  .000  .000  .000  .000  .000  .000  .000  .000  .000  .000  .000 

so  -  Sb  .037  .036  .  023  .  018  .029  .028  .  029  .029 

So 


.021*  .022 


18 


Table  3  (continued).  Salinity-Depth  Profile  -  Station:  CAMANO  HEAD 


21a 

21b 

22a 

22b 

23a 

23b 

2ba 

2lib 

0 

.68 

.72 

.6b 

.72 

M2 

M3 

.85 

10 

.029 

.OUl 

.021 

.030 

.021 

.02b 

.01:0 

.091 

25 

.012 

.013 

.006 

.012 

.006 

.006 

.015 

.016 

5o 

.009 

.007 

.OOU 

.007 

.oo5 

.005 

.Oil: 

.012 

75 

.009 

.007 

.002 

.006 

.ooU 

.005 

.011 

.009 

150 

.000 

• 

.000 

.000 

.000 

.000 

.000 

,000 

.000 

So  -  Sb 

.036 

.037 

.0U9 

O 

o 

.02  U 

<\j 

o 

o 

O 

O 

£ 

.0U8 
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Table  4.  Salinity-Depth  Profile  -  Stations  HAZEL  POINT 

Salinity  is  in  ratio  ^b-£z.  Depth  is  in  meters.  The  salinity  ratio 
t  sc 

5o  -  is  indicated  for  each  run  (bottom  line).  e 

So 


la 

lb 

2a 

2b 

3a 

3b 

Ua 

l*b 

5a 

5b 

0 

.015 

.046 

.093 

.084 

.011 

.017 

.035 

.022 

.044 

.048 

10 

r 

nr 

t'"!  '• 

•r 

**  1 

T 

▼ 

▼ 

25 

.021 

.022 

.030 

.034 

.011 

.010 

.017 

.009 

.017 

.017 

100 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

so  -  Sb 
So 

.073 

.066 

.089 

.090 

.042 

.043 

.070 

.074 

.093 

.097 

ESEiSi 

6a 

6b 

7a 

7b 

8a 

8b 

9a 

9b 

10a 

10b 

0 

.005 

.003 

oo 

O 

e 

.083 

.118 

.112 

.012 

.021 

.071 

.075 

10 

- 

— 

— 

- 

- 

- 

— 

• 

- 

- 

25 

.003 

.000 

.024 

.027 

.036 

.035 

.012 

.018 

.028 

.030 

100 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

So  -  Sb 
So 

.030 

.031 

.054 

.050 

.062 

.062 

.036 

.030 

.046 

.044 

12c  12d  12e  14a  14b  15a  15b  17a  17b 


0 

.06?- 

.071 

.070 

.075 

.009 

.005 

.165 

an 

.069 

.066 

10 

.047 

.049 

.049 

.054 

.006 

.000 

.097 

.104 

.060 

.058 

25 

.024. 

.024 

.024 

.024 

.006 

.000 

.006 

.009 

.024 

.025 

100 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

O) 

0 

CO 

O  1 

.08L 

.080 

.080 

.087 

.056 

.062 

.019 

.017 

.034 

.029 

\sRun 

18a 

18b 

19a 

19b 

19c 

21a 

21b 

22a 

22b 

Depths, 

0 

.OIL 

.002 

.030 

.025 

.025 

.050 

.047 

.019 

.021 

10 

.002 

.000 

.028 

.023 

.023 

.034 

.028 

.002 

.010 

• 

25 

.OOL 

.000 

.026 

.022 

.024 

.015 

.010 

.000 

.006 

100 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

S0  -  Sb 

.047 

.052 

.025 

.024 

.028 

.051 

.050 

.090 

.079 
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Table  1*  (continued).  Salinity-Depth  Profile  -  Station:  HAZEL  POINT 


0  .001*  .005  .098  .102 

10  .000  .000  .071  .071* 

25  .000  .000  .010  .013 

100'  .000  .000  .000  .000 

s0  -  sb  .ol*5  .01*1*  .051  .050 

So 
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Table  5.  Salinity-Depth  Profile  -  Stations  POINT  JEFFERSON 

Salinity  is  in  ratio  ®b  -  ®z.  Depth  is  in  meters.  The  salinity  ratio 

So 

So  -  is  indicated  for  each  run  (bottom  line) . 

“V 


la 

lb 

2a 

2b 

3a 

3b 

Ua 

l*b 

5a 

5b 

0 

.070 

.061* 

.135 

.095 

.016 

.015 

.036 

.031* 

.085 

.096 

10 

.025 

.028 

.01*3 

.035 

.016 

.012 

.020 

.021 

.030 

.031* 

25 

.019 

.020 

.038 

.029 

.013 

.011 

.022 

.020 

.022 

.025 

50 

.017 

.013 

.020 

.017 

.011 

- 

.017 

.013 

.016 

.020 

75 

.010 

.011 

.011 

.010 

.007 

.006 

.009 

.006 

.008 

.009 

150 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

So  -  Sb 
So 

.Ql*6 

.01*2 

.071 

.072 

.025 

.027 

.01*2 

.01*2 

.055 

.057 

6a 

• 

6b 

7a 

7b 

8a 

8b 

9a 

• 

9b 

10a 

10b 

0 

.008 

.010 

.088 

.071 

.177 

.208 

.028 

.025 

.077 

.060 

10 

.006 

.007 

.01*2 

.027 

.039 

.01*2 

.009 

.016 

.032 

.025 

25 

.ool* 

.007 

.030 

.017 

.029 

.029 

.008 

.011 

.021* 

.015 

50 

.001*  • 

.006 

.021 

.007 

.016 

.015 

.003 

.008 

•  Oil* 

.005 

75 

.002 

.005 

.017 

.002 

.007 

.007 

.002 

.001* 

.012 

.006 

i5o 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

So  -  Sb 
So 

.017 

.015 

.036 

.01*7 

.066 

.059 

.030 

.021* 

.036 

.01*0 

12b 

12c 

12d 

12e 

ll*a 

li*b 

15a 

15b 

17a 

17b 

0 

.098 

.089 

.097 

.099 

.030 

.035 

.61*5 

.695 

• 

.339 

.31*5 

10 

.03U 

.032 

.036 

.035 

.oil* 

.016 

.132 

.11*2 

.075 

.079 

25 

.026 

.025 

.025 

.026 

.013 

.009 

.022 

.030 

.031* 

.027 

5o 

.016 

.01? 

.016 

.017 

.012 

.007 

.005 

.005 

.005 

.007 

75 

.008 

.007 

.009 

.007 

.008 

- 

.000 

.001* 

.001* 

.001* 

150 

.000 

.000 

.000 

.000 

.000 

•  .000 

.000 

.000 

.000 

.000 

d? 

i 

o 

CO 

.063 

.063 

.063 

.071 

.037 

.036 

.021 

.017 

.029 

.029 
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Table  5  (continued) .  Salinity-Depth  Profile  -  Station?  POINT  JEFFERSON 


%£un 

DeptfK 

18a 

18b 

19a 

19b 

19c 

21a 

21b 

22a 

22b 

0 

.015 

.020 

.102 

.11*2 

.139 

.055 

.050 

.01*2 

.052 

10 

.010 

.011 

.029 

.029 

.023 

.023 

.018 

.021 

.029 

25 

,007 

.010 

.015 

.012 

.011 

.011* 

.011 

.017 

.025 

50 

.008 

.008 

.006 

.002 

.006 

.011 

.016 

.011* 

.022 

75 

.005 

.008 

.001* 

.002 

.002 

.007 

.007 

.011 

.016 

150 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

So  -  Sb 
So 

.029 

.029 

.025 

.023 

.026 

.039 

.01*1 

3 

O 

o 

.037 

0  ,015  ,011*  -  ,220 

10  ,011  ,010  ,031*  ,039 

25  ,010  ,010  ,025  ,027 

50  ,008  ,009  ,  009  ,011 

75  .006  ,006  „005  .003 

150  .  000  .  000  ,000  .000 

so  -  sb  .026  ,021*  ,051  .01*9 
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Table  6.  Salinity-Depth  Profile  -  Stations  POINT  POLL! 

Salinity  is  in  ratio  ®b  -  ®z.  Depth  is  in  meters. 
So  -  Si)  is  indicated  for  each  run  (bottom  line) . 


The  salinity  ratio 


■SBastSI 

la 

lb 

2a 

2b 

3a 

3b 

Ua 

lib 

5a 

5b 

0 

.020 

.038 

.031 

.030 

.oil* 

.011* 

.oil* 

.016 

.020 

.023 

10 

.019 

.022 

.027 

.027 

.oil* 

.012 

.012 

.015 

.019 

.021 

25 

.020 

.020 

.025 

.025 

.012 

.012 

.012 

.OH* 

.017 

.020 

50 

.017 

.021* 

.023 

.021 

.010 

.011 

.013 

.011* 

.016 

.018 

75 

.012 

.011* 

.005 

.006 

.010 

.009 

.011 

.012 

•  Oil* 

.016 

150 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

of3 

1  o 

CO 

o 

CO 

.051 

.01*7 

.079 

.075 

.029 

.028 

.01*6 

.01*1* 

.059 

.060 

6a 

6b 

7a 

7b 

8a 

8b 

9a 

9b 

10a 

10b 

0 

.007 

.002 

>.028 

.033 

.051 

.052 

.016 

.012 

.026 

.026 

10 

.005 

.002 

.023 

.021* 

.028 

.038 

.016 

.012 

.023 

.019 

25 

.006 

.002 

.020 

.023 

.030 

.031 

.012 

.011 

.020 

.013 

50 

.001* 

.002 

.012 

.012 

.016 

.017 

.010 

.009 

.011 

.012 

75 

.001* 

.002 

.001* 

.002 

.002 

.002 

.005 

.001 

.002 

.000 

150 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

So  -  Sb 
So 

• 

.020 

.021 

.01*9 

.01*5 

.061 

.058 

.029 

.021* 

.01*9 

.ol*5 

ll*a 

ll*b 

15a 

15b 

17a 

17b 

18a 

18b 

19a 

19b 

.19c 

0 

.001 

.008 

.275 

.282 

.100 

.107 

.001* 

.003 

.016 

.020 

.018 

10 

.005 

.003 

.089 

.099 

.01*9 

.052 

.002 

.001* 

.016 

.013 

.017 

25 

.007 

.005 

.01*5 

.01*9 

.039 

.032 

.001 

.006 

.013 

.011* 

.011* 

50 

.001* 

.005 

.001* 

.007 

.006 

.000 

.003 

.001 

.013 

.012 

.009 

75 

.000 

.003 

.001 

.003 

.002 

.001 

.003 

.003 

.001 

.002 

.002 

150 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

1  O 

CO 

• 

.01*1* 

.01*2 

.019 

.017 

.032 

.028 
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Table  6  (continued).  Salinity-Depth  Profile  -  Station:  POINT  PULLI 
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Table  8.  Salinity-Depth  Profile  -  Stations  GORDON  POINT 

Salinity  is  in  ratio  £b_-_£z.  Depth  is  in  meters.  The  salinity  ratio 
_  So 

so  -  8z  is  indicated  for  each  run  (bottom  line). 
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Table  8  (continued) .  Salinity-Depth  Profile  -  Station*  (JORDON  POINT 
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Pig.  1.  Map  of  Puget  Sound  indicating  station  locations. 


Fig.  2. 
(e,?jg) 


The  salinity  — -  and  — -  versus  the  quantity 
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POINT  JEFFERSON 


POINT  PULLY 


33 


So-Sb 
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S0  -  ^  . 

Fig.  5*  Bottom  salinity  distribution  — g  —  versus  MF  =  — * —  for 

0  TVgE 

the  three  conditions  of  runoff:  low,  F]_,  mean,  F2,  and  high,  Fg. 
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